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Abstract 10 
The role of the microbial activity on the transport properties of host rocks 11 
for geological repositories, particularly in the far-field, is an area of active 12 
research. This paper compares results from experiments investigating 13 
changes in transport properties caused by microbial activity in sedimentary 14 
rocks in Japan (mudstones) and sandstone (UK).   15 
These experiments show that both Pseudomonas denitrificans and 16 
Pseudomonas aeruginosa appear to survive and thrive in pressurised flow-17 
through column experiments which utilised host rock materials of relevance 18 
to radioactive waste disposal. Indeed, despite there being a difference in the 19 
numbers of organisms introduced into both biotic experiments, numbers 20 
appear to stabilise at ~10
5
 ml
-1
 at their completion. Post experimental 21 
imaging has highlighted the distinct differences in biofilm morphology, for 22 
the chosen rock types and bacteria, with Pseudomonas aeruginosa derived 23 
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biofilms completely covering the surface of the sandstone host and 24 
Pseudomonas denitrificans forming biofilament structures. Regardless of 25 
substrate host or choice of microbe, microbial activity results in measurable 26 
changes in permeability.  Such activity appears to influence changes in fluid 27 
flow and suggests that the transport of radionuclides through the far-field 28 
will be complicated by the presence of microbes. 29 
 30 
Introduction 31 
The significance of the potential impacts of microbial activity on the 32 
transport properties of host rocks for geological repositories is an area of 33 
active research.  Most work has focussed on far-field environs, in granite 34 
(Sweden) and mudstone (Japan), where far-field is considered to be the 35 
geosphere beyond the repository.  Because the UK does not yet have a 36 
potential site for deep geological disposal of radioactive waste, British 37 
research programmes involving biogeochemical processes (such as 38 
BIGRAD consortium (http://www.nerc.ac.uk) and the BGS BioTran project 39 
(http://www.bgs.ac.uk)) are focussing on “generic” rock types with a 40 
mineralogy that could be considered broadly similar to that of a potential 41 
host UK geology.  One of the generic rocks selected is a Permo-Triassic 42 
Sherwood Sandstone, which is acid/intermediate in character (containing 43 
quartz, feldspars, muscovite/chlorite/illite and iron oxides) and is relevant to 44 
a number of potential Geological Disposal Facility (GDF) options in the 45 
UK.  This paper compares some of the results obtained from flow-through 46 
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column experiments investigating transport processes in Japanese 47 
mudstones and Sherwood sandstone. 48 
Geological Background 49 
Two host substrates were chosen for comparison in this study; mudstone 50 
supplied by the Japan Atomic Energy Agency (JAEA) and Sherwood 51 
sandstone, supplied by the National Geoscience Data Centre at the BGS.  52 
The mudstone was obtained from Horonobe in northern-western Hokkaido, 53 
Japan, and the sandstone was obtained from Lincolnshire in the UK.  The 54 
Horonobe area is a host site for an underground research laboratory (URL) 55 
to study problems associated with the deep geological disposal of 56 
radioactive wastes (Harrison et al., 2010).  The mudstone used in this 57 
experiment came from a sequence of marine sandstones, mudstones and 58 
shales deposited within the Mesozoic Tempoku Basin. The geological 59 
setting and background to this material are described more fully in previous 60 
studies by Milodowski et al., (2004) and Harrison et al., (2010, 2011).  The 61 
Sherwood Sandstone Group is an important aquifer, a principal oil and gas 62 
reservoir and a potential reservoir for the storage of CO2.  Based on 63 
background BGS information on the Sherwood Sandstone Group 64 
(Milodowski and Rushton, 2008) samples from the Cleethorpes No.1 65 
geothermal borehole were chosen for these experiments, from a depth range 66 
of 1312.26 – 1315.13m. 67 
Laboratory techniques 68 
The aim of the study was to evaluate the influence of biofilms, generated by 69 
different bacteria on groundwater flow-through the selected host rock types.  70 
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The bacteria and associated host rock types under study were the 71 
denitrifying soil bacteria Pseudomonas denitrificans with Horonobe 72 
mudstone (Harrison et al., (2010, 2011) and Pseudomonas aeruginosa with 73 
Sherwood sandstone (West et al., 2011).  Evaluation of biofilm growth and 74 
subsequent groundwater flow in both host rocks was assessed under biotic 75 
conditions (in the presence of added bacteria) and under control conditions 76 
(where no bacteria were added) using a flow-through column methodology.  77 
Harrison et al., (2010, 2011) provide a full description of the host rock 78 
mineralogy and groundwater composition, sample preparation techniques 79 
and methodologies for the experimental work.  No specific effort was made 80 
to ensure that the experiments were run under anoxic conditions. 81 
Experimental Bacteria 82 
Pseudomonas denitrificans was chosen for the mudstone experiments.  This 83 
decision was based on groundwater information from Horonobe (Tochigi et 84 
al., 2007) which showed that denitrifying bacteria were likely to be the 85 
group of organisms with the greatest activity in this rock type.  86 
Pseudomonas aeruginosa was used in the sandstone experiments because of 87 
its biofilm (exopolysaccharide - EPS) forming properties (Vaughan et al., 88 
2001).  These bacteria can also grow under aerobic conditions in the 89 
presence of nitrate (which they use as a respiratory electron acceptor) and 90 
they show resistance to high concentrations of salts.  Freeze-dried cultures 91 
of P. denitrificans (NCIMB 9496) and P. aeruginosa (NCIMB 10548) were 92 
received from National Collection of Industrial, food and Marine Bacteria 93 
(NCIMB), UK.  Culture preparation is detailed by Harrison et al., (2010, 94 
2011) and West et al., (2011). 95 
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Flow-through column experiment methodology 96 
Biotic and control experiments were carried out for both host rock types, 97 
using a flow-through column operated at a constant rate of fluid flow and 98 
under pressurised conditions.  Changes in biological parameters, confining 99 
pressure and temperature were monitored throughout the experiment.  The 100 
mudstone experiments were short-term pilot studies (maximum of 39 days 101 
(936 h)) using synthetic groundwater (0.18M NaCl) as described in Harrison 102 
et al., (2010, 2011), whereas the experiments conducted using the sandstone 103 
were carried out over a longer time period (maximum 273 days (6552 h)) 104 
with synthetic saline groundwater (0.25M NaCl) as previously described by 105 
West et al., (2011).  Deep subsurface groundwater are nutrient poor (West et 106 
al., 2002) which result in very slow growth rates, so for practical 107 
experimental reasons both synthetic groundwaters were supplemented with 108 
sodium acetate (3.05 mM), to provide a source of organic carbon to improve 109 
bacterial growth.  They were also sterilised by filtration though a 0.2 μm 110 
filter.  The flow-through column experiments were performed using intact 111 
rock cores, with the mudstone containing naturally occurring longitudinal 112 
fractures and the sandstone having a porosity of c. 15-20% (West et al., 113 
2011).  The cores were positioned vertically in a Teflon sheath with end 114 
caps allowing fluid flow through the column.  The assembly was then 115 
placed in a pressure vessel.  Schematics of the completed experimental rig 116 
with the pressure vessel and rock core assembly are detailed by Harrison et 117 
al., 2010, 2011 and West et al., 2011.  The cores were not pre-saturated with 118 
synthetic groundwater prior to the start of the experiment.  The experimental 119 
parameters are fully summarised in Table 1. 120 
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Analyses 121 
Microbial numbers in the fluid injected into the column apparatus and in the 122 
reacted fluids collected from the outlet of the experimental rig were 123 
evaluated using epifluorescence microscopy (Harrison et al., 2010, 2011, 124 
West et al., 2011).   125 
The mineralogical and morphological characteristics of the original test 126 
materials and post-experimental residues were determined using a number 127 
of complimentary techniques.  The techniques include quantitative X-Ray 128 
diffraction (XRD) for quantitative whole rock and qualitative clay mineral 129 
analysis.  Petrographic analysis was undertaken using  cryogenic 130 
(cryoSEM), variable pressure (VPSEM) and environmental (ESEM) 131 
scanning electron microscopy (SEM) techniques to identify morphological 132 
characteristics and study the mineralogy of any fracture surfaces.  Detailed 133 
sample preparation, instrumentation and set-up information, together with 134 
sample preservation and storage information for the study are documented 135 
in detail in Harrison et al., 2010, 2011, and West et al., 2011.   136 
Microbiology results 137 
The numbers of organisms injected into ‘biotic’ experiments differed 138 
between the mudstone and sandstone columns.  The sterile synthetic fluids 139 
injected into the ‘biotic’ column experiments were inoculated with 1.18x105 140 
(Standard error (SE) = 8.88x10
3
) bacteria ml
-1
 of P. denitrificans 11 days 141 
(264 h) after the start of the experiment for the mudstone; and 2.53x10
7
 142 
(3.93x10
6
 SE)) bacteria ml
-1
 P. aeruginosa at 38 days (911 h) after the start 143 
of the experiment for the sandstone (Table 1).  The fluids were then passed 144 
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through the mudstone and sandstone columns for a further 28 days (672 h) 145 
and 235 days (5640 h) respectively.  Samples of outflow fluid were 146 
collected at intervals and the bacterial count determined by epifluorescence 147 
microscopy.  Figures 1 and 2 summarise bacterial numbers together with 148 
injection pressure changes for the biotic and control columns for the 149 
mudstone and sandstone respectively
1
. Figure 3 shows the injection pressure 150 
changes and bacterial counts for both rock types under control conditions.  151 
The figures demonstrate that comparatively few or no bacteria were viable 152 
in the mudstone and sandstone control experiments, for the comparable time 153 
period.  A bacterial transit time of between 7 and 14 days (168-336 h) was 154 
indicated for the sandstone (Figure 2), subsequent numbers of organisms 155 
leaving the column then fluctuated suggesting that the bacterial population 156 
exiting the column was changing throughout the experiment.  The transit 157 
time for the sandstone core was similar to that observed by Harrison et al., 158 
(2011) for the mudstone core.  Figures 1 and 2 indicate that although the 159 
two rock types were inoculated with different numbers of bacteria 160 
(approximately two orders of magnitude difference) and that the strains of 161 
bacteria, the rocks and the experimental timescales were different, the 162 
numbers of viable bacteria measured at the end of the experiments were 163 
broadly similar (4.47x10
5
 bacteria ml
-1
 (7.06x10
4 
SE)
 
and 1.50x10
6
 bacteria 164 
ml
-1
 (4.51x10
5
 SE) for the mudstone and sandstone respectively).  165 
Mineralogical results and Optical Microscopy observations 166 
Starting materials  167 
                                                 
1
 N.B. The axis are different for both plots 
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Quantitative bulk XRD data for representative samples of the two host rock 168 
types is summarised in Table 2.  The representative mudstone starting 169 
material was composed of quartz (39.2 %), albite (20.0 %) and ‘mica’ 170 
(undifferentiated mica species possibly including muscovite, biotite, illite, 171 
illite/smectite etc.; 22.1 %) and minor/trace amounts of K-feldspar, ‘kaolin’ 172 
(one of the kaolin group minerals including halloysite, kaolinite etc.), 173 
chlorite, pyrite and smectite.  In comparison, Table 2 shows that the 174 
sandstone material was composed of minor/trace amounts of albite, kaolin, 175 
chlorite etc but dominated by the presence of quartz (72%).   176 
Petrographical observations of the mudstone and sandstone starting 177 
materials are depicted in Figure 4 a and b respectively.  Silt sized fragments 178 
of diatoms with a delicate microporous silica framework of silica sand grade 179 
material were observed in the mudstone (Figure 4a).  The mudstone fracture 180 
surface (Figure 4a) shows a 1-2 µm diameter inter-connected mesh of 181 
organic filaments.  The morphology of the filaments resembled fungal 182 
hyphal structures.  These features may be a result of contamination from 183 
initial drilling of the sample (Harrison et al., 2011).   184 
An SEM photomicrograph of the sandstone starting material (Figure 4b), 185 
shows a finely laminated, clast supported, fine to medium grained 186 
sandstone.  The laminae are moderately to well-sorted but vary in thickness 187 
from 3 mm, for the darker, finer-grained and ferruginous more clay-rich 188 
laminae, to 5 mm for the cleaner sandier laminae.  Most of the porosity is 189 
intergranular with a very high proportion of oversized pores in comparison 190 
to the grain size of the sandstone, indicating that their secondary origin has 191 
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resulted from the dissolution of unstable detrital grains (Schmidt and 192 
McDonald, 1979). No biological features were observed.  193 
Post experimental materials  194 
Detailed SEM observations of the material surfaces in the control columns 195 
found minimal evidence of any biogenic structures, whereas examination of 196 
the post experimental biotic cores clearly identified biofilm formation.  197 
Figures 5a and b illustrate examples of biofilm for the two host rocks.  The 198 
biofilm observed in the biotic mudstone experiment using P. denitrificans 199 
appeared as bio-filaments or isolated rod-like clusters of cells, which 200 
penetrated the fractures in the material (Figure 5a).  Figure 5b depicts the 201 
biofilm produced in the biotic column experiment with the sandstone 202 
substrate using P. aeruginosa.  In contrast to P. denitrificans on mudstone 203 
(Figure 5a), this biofilm completely covers the surfaces of the substrate. 204 
No mineralogical evidence of oxidation of the redox-sensitive minerals was 205 
noted and no obvious changes in clay mineralogy were observed for the two 206 
rocks, suggesting that introduction of P. denitrificans or P. aeruginosa had 207 
minimal, if any effect on the clay mineralogical composition of the two 208 
substrates. 209 
Physical measurement results 210 
Both biotic and control experiments for the different rock materials were 211 
performed at a constant flow rate (Table 1).  Changes in injection and 212 
confining pressure were continuously logged by pressure transducers during 213 
the tests. Figures 1 and 2 depict the injection pressure changes occurring in 214 
10 
 
the biotic mudstone and sandstone experiments respectively, with Figure 3 215 
summarising the control experiments for the mudstone and sandstone.  Each 216 
figure shows the experiment duration as time in hours along the x-axis and 217 
the recorded pump pressure in bar along the y-axis.  A secondary axis 218 
indicates the number of viable bacteria exiting each system, as bacterial 219 
counts ml
-1
.  The sandstone experiment was undertaken for a longer period 220 
(273 days / 6552 h) than the mudstone, although only data from the first 700 221 
– 800 h (33 days) of the control experiment is shown in Figure 3 and 4500 h 222 
(188 days) of the biotic experiment is shown in Figure 2.  This allows for 223 
direct comparisons of the results from both control and biotic experiments in 224 
Figures 2 and 3. 225 
Control column experiments 226 
Comparison of the two control experiments show that, in general, similar 227 
trends in the pressure were observed, with an initial increase over the initial 228 
circa 60 h, followed by a stabilisation phase, up to circa 350 h, at 30 and 15 229 
kPa for the mudstone and sandstone respectively.  For both host rock types, 230 
steady increases in pressure were observed, which were followed by a 231 
period of stabilisation (at around 600 h (25 days) in Figure 3) and then a 232 
variation in pressure readings.   233 
The changes observed during the initial hours of the experiment are thought 234 
to relate to the movement of water into pore spaces during the initial 235 
pressurisation of the system.  During the experimental period, several 236 
changes in pressure were observed, which are considered to be a result of 237 
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changes in flow geometry promoting changes in overall permeability within 238 
both the different host rock types.  239 
Biotic column experiments 240 
Figures 1 and 2 summarise the contrasting pressure changes between the 241 
biotic and control experiments for the mudstone and sandstone.  Prior to 242 
injection of bacteria, the specified sterile artificial groundwater was pumped 243 
through the both core assemblies for a nominal period, 264 h (0.18M NaCl 244 
for 11 days) for the mudstone and 912 h (0.25M NaCl for 38 days) for the 245 
sandstone (Table 1).  In order to inoculate each column, the pump was 246 
stopped, causing a brief dip in pressure, the sterile water replaced with 500 247 
ml of inoculated water and the pump restarted.  Both host rock pressure 248 
profiles (Figures 1 and 2) show that a post inoculation pressure increase was 249 
observed in each test rig compared to the control experiments, with an 250 
average pressure of 84 kPa observed for the mudstone material and 488 kPa 251 
for the sandstone, indicating an order of magnitude difference between the 252 
host rocks.  This pressure difference is attributed to the physical differences 253 
in the two host rocks defining the fluid flow through them.  The mudstone 254 
was dominated by fractures because of its friable nature, one lateral and one 255 
vertical resulting in a highly permeable core and a low measured pressure 256 
within the core, whereas the sandstone was intact with a porosity of 15-257 
20%.  Despite such physical differences, the pressure profiles indicate 258 
broadly similar trends.  Prior to bacterial injection, initial changes in core 259 
permeability are considered to be a result of movement of fines, blocking 260 
pore spaces and resulting in localised pressure increases, followed by 261 
breakthrough and establishment of new pathways resulting from a pressure 262 
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increase by the use of a constant flow rate.  The pressure increases observed 263 
post inoculation, compared to the control experiments (Figure 3) are likely 264 
to be the result of partial blocking of pore spaces because of microbial 265 
activity.  For both rock types short, but rapid, saw-tooth like changes in 266 
pressure are evident over the post inoculation period.  These pressure 267 
profiles are symptomatic of a dynamic system exhibiting localised 268 
intermittent changes in permeability, presumably brought about by the 269 
partial clogging of pore spaces and fractures by fines and/or biofilm 270 
followed by flushing because of an increase in localised hydraulic pressure.  271 
Discussion 272 
Despite the differences in (1) duration of both experiments (mudstone at 38 273 
days/912 h or sandstone at 273 days/6552 h), (2) introduced species (P. 274 
denitrificans or P. aeruginosa) and (3) rock type (mudstone or sandstone), 275 
both column experiments showed that biofilm growth was possible. Both 276 
column experiments, showed that the bacterial species chosen are able to 277 
survive in saline conditions and under pressurised conditions (West and 278 
McKinley, 2002).  Moreover, although microbial inoculation numbers into 279 
the two different rock types differed by two orders of magnitude, the 280 
numbers of organisms in the outlet fluid were similar at the conclusion of 281 
both experiments. This suggests that the experimental conditions for both 282 
rock types could support approximately 10
5
 organisms ml
-1
 as observed in 283 
the outlet fluids. There are likely to be more organisms associated with the 284 
biofilm itself.  Substrate mineralogy and the microbes utilised in the 285 
experiments differed; it is therefore not unexpected that the resultant 286 
biofilms showed contrasting morphology.  The biofilm developed on the 287 
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mudstone appeared as bio-filaments whereas the biofilm formed on the 288 
sandstone completely covered the surfaces of the material.  Comparison of 289 
the biotic and control experiments for the two rock types indicated that, in 290 
general, biofilm formation was not observed in the control experiments.   291 
No evidence of dissolution effects or alteration of the mudstone or 292 
sandstone starting materials was observed in either the biotic or abiotic 293 
experiments.   294 
Fluctuations in injection pressure within the cores were detected during the 295 
biotic and control column experiments for both rock types.  As noted 296 
previously by Harrison et al., (2011) small changes in the pressure profile of 297 
the control columns related to small changes in permeability could be the 298 
result of partial blocking of pore spaces by fines and the subsequent flushing 299 
of material as new pathways were established.  Comparison of the pressure 300 
profiles of the two rock types under biotic conditions showed similar 301 
patterns.  Post inoculation injection pressure increases were observed, 302 
despite the physical differences in the materials, the experimental timescales 303 
and the order of magnitude difference in the pressure readings for the two 304 
host materials.  The short but rapid saw-tooth like changes in pressure are 305 
only observed under biotic conditions. 306 
Conclusions 307 
The comparative study has shown that both Pseudomonas denitrificans and 308 
Pseudomonas aeruginosa appear to survive and thrive in pressurised flow-309 
through column experiments which utilised host rock materials of relevance 310 
to radioactive waste disposal: diatomaceous mudstone material (from 311 
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Horonobe, Japan) and Sherwood sandstone material (from Lincolnshire, 312 
UK).  Despite there being a difference in the numbers of organisms 313 
introduced into both biotic experiments, numbers appear to stablise at ~10
5
 314 
ml
-1
 at their completion.  315 
Post experimental imaging has highlighted the distinct differences in biofilm 316 
morphology, for the chosen rock types and bacteria, with Pseudomonas 317 
aeruginosa derived biofilms completely covering the surface of the 318 
sandstone host and Pseudomonas denitrificans forming biofilament 319 
structures. 320 
Post experimental, neither host rock type showed evidence of dissolution or 321 
alteration effects when compared to the starting materials. 322 
Regardless of substrate host or choice of microbe, microbial activity results 323 
in quantitative changes in permeability, as monitored by pressure increases 324 
specific to these column experiments.  Such activity is considered to 325 
influence changes in fluid flow and suggests that the transport of 326 
radionuclides through the far-field will be complicated by the presence of 327 
microbes.  Indeed, it is possible that some radioactive waste components 328 
may serve as a nutrient source for microbial activity, encouraging biofilm 329 
growth which could impact on both physical clogging and related 330 
biogeochemical changes, thus affecting radionuclide transport. 331 
Further work is required to establish the significance of these observations 332 
to current fluid-flow modelling predictions.   333 
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Figure captions: 388 
Figure 1 Injection pressure and bacterial counts for the control and biotic 389 
mudstone column experiments.  The control pressure and bacterial counts 390 
are depicted by a black line and black open triangles respectively.  The 391 
biotic pressure and bacterial counts are shown by a grey line and grey open 392 
triangles respectively. 393 
Figure 2 Injection pressure and bacterial count data for the control and 394 
biotic sandstone column experiments.  The control pressure and bacterial 395 
counts are depicted by a black line and black open triangles respectively.  396 
The biotic pressure and bacterial counts are shown by a grey line and grey 397 
open triangles respectively. 398 
Figure 3 Comparison of the injection pressure profiles and bacterial counts 399 
for the two rock types under control conditions.  To enable comparison, 400 
only the first circa. 800 h after the start of data logging of sandstone 401 
experiment is shown.  The mudstone pressure and bacterial counts is 402 
denoted, respectively by the black line and open triangles. The sandstone 403 
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pressure and bacterial counts is denoted, respectively, by the grey line and 404 
open triangles. 405 
Figure 4 Image (a) is a BSEM image (from VPSEM) of mudstone starting 406 
material showing fine silt particles accumulated within the channel formed 407 
by the “ridge and furrow” lineaments on the fracture surface.  Image (b) is a 408 
SEM image of sandstone starting material showing euhedral authigenic K-409 
feldspar and quartz overgrowth cements with some illite-smectite clay 410 
coating on detrital quartz grains (Courtesy: A. E. Milodowski, BGS) 411 
Figure 5 Image (a) is a CryoSEM SEI image showing detail of the clusters 412 
of rod-like cells associated with the biofilm resting on fresh framboidal 413 
pyrite in the reacted mudstone. High vacuum cryoSEM, gold coated sample, 414 
FEI ESEM instrument. (Courtesy: A. E. Milodowski, BGS).  Image (b) is a 415 
ESEM SEI image of reacted sandstone showing largely planar pore walls to 416 
a macropore covered by P. aeruginosa derived biofilm which is darker in its 417 
colouration and locally bridges smaller gaps (above and right of centre). 418 
(Courtesy: J. Rushton, BGS). 419 
 420 
Figures: 421 
19 
 
 422 
Figure 1 423 
 424 
Figure 2 425 
20 
 
 426 
Figure 3 427 
 428 
Figure 4 429 
 430 
21 
 
 431 
Figure 5 432 
22 
 
Table 1 Summary of Column flow through experimental conditions 433 
Test Material Mudstone Sandstone 
 
Control Biotic Control Biotic 
Starting Pressure 1250-1260 kPa 1250-1260 kPa 1250-1260 kPa 1250-1260 kPa 
Pump rate 300 µl hr-1 (~7.2 ml day-1) 300 µl hr-1 (~7.2 ml day-1) 300 µl hr-1 (~7.2 ml day-1) 300 µl hr-1 (~7.2 ml day-1) 
Bacteria - Pseudomonas denitrificans  - Pseudomonas aeruginosa  
Starting bacterial count 
(per ml) - 1.18x105 (8.88x103 SE) - 2.53x107 (3.93x106 SE) 
Inoculation time - 264 hours (11 days) - 911 hours (38 days) 
Termination time 744 hours (31 days) 936 hours (39 days) 4464 hours (186 days) 6552 hours (273 days) 
23 
 
Table 2. Quantitative bulk XRD analysis of representative samples of mudstone and sandstone. Crystalline mineralogy in wt.%. 434 
Mineral Mudstone Sandstone 
Albite 20 4.6 
Chlorite 2.6 0.7 
‘Kaolin’ 2.1 n/d 
K-feldspar 8.7 16.9 
‘Mica’ 22.1 3 
Quartz 39.2 72 
Footnote:  KEY: ‘mica’ = undifferentiated mica species including muscovite, biotite, illite and illite/smectite etc. ‘kaolin’ = one of the kaolin group minerals including halloysite, kaolinite etc. 435 
 436 
